Introduction
Radiation quality in radiation biology, in a general sense, refers to beam characteristics that must be specified in order to: (1) provide the basic source information for the determination of interaction events at a microscopic level, that may influence the effectiveness of an irradiation in producing biological changes (ICRU 1970a); (2) apply energy-dependent dosimetric conversion factors (e.g., stopping power ratios for neutron or electron beams); (3) allow calculation of macroscopic absorbed dose distributions in biological objects; and (4) permit reproducibility of the irradiation.
In this report the term radiation quality refers principally to those characteristics of the radiation that describe the spatial distributions of energy transfers by charged particles, and which influence the effectiveness of an irradiation when other physical factors such as absorbed dose, absorbed dose rate and fractionation are kept constant.
Although it is probable that no single specification of radiation quality will be suitable for all radiobiological purposes, adequate specification will require a consideration of the spatial distribution of energy deposition on a microscopic scale and may also involve an estimate of the size and shape of a possible target. The following sections outline a number of concepts which have been developed in order to provide descriptions of radiation quality for use in analyzing radiobiological data. In many radiobiological investigations, however, there is at present little information on the microscopic distribution of energy, nor can it be predicted what information might be required to reassess the results at some time in the future. It is important, therefore, to describe the radiation in sufficient detail so that estimates of its quality in terms of microdosimetric or perhaps other quantities could, in principle, be made at some future time.
The description of the beam characteristics should include the type and spectral distribution of the particles in the incident beam, or preferably the spectral distribution of the fluence of the directly ionizing particles at the point of interest. In the absence of such spectral information, the description should include: tube potential, waveform and filtration for x rays; kinetic energy for charged particle beams; target and angle for neutrons; specific nuclide 16 and source geometry for radioactive sources. Sufficient information about the size and composition of the specimen and the irradiation geometry should be given so that estimates of the degradation of the primary radiation within the specimen may be made.
Linear Energy Transfer (LET)
Linear energy transfer is used as a quantity to express radiation quality for radiobiological purposes (ICRU, 1970a; 1971) . Linear energy transfer, La, is defined (ICRU, 1970a; 1971) as the quotient of dE by dl where dl is the distance traversed by a particle and dE is the average energy loss in dl due to collisions with energy transfers less than some specified value Ii.
(3.1)
The fractions of the total absorbed dose which are transferred by particles having various intervals of La may be described by a distribution of D in La. The linear energy transfer including all energy transfers is denoted L and is equal to the linear collision stopping power. (In the context of this report, the unrestricted LET will be designated, for reasons of brevity, by L rather than Loo). For a given type of particle with a given kinetic energy, LET is a mean value and does not explicitly describe the discrete nature of the energy loss events.
For the case of single sites, the applicability of the LET concept has been examined critically (Kellerer and Chmelevsky, 1975) . It was concluded that LET is only one of the factors that determine energy deposition in microscopic regions. Other factors are the finite range of the charged particles, energy-loss straggling and energy dissipation by delta rays. These authors conclude that for protons and other heavy particles, there is a substantial interval of site diameters and particle energies for which LET is the only significant factor (see Figure 3 .1). For electrons one can never simultaneously meet the two conditions that the site diameter is small enough to keep incomplete traversals at an insignificant level and large enough to limit energy loss straggling (see Figure 3 .2).
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Diagram of the ranges of site diameters and proton energies where other factors in addition to LET are relevant to energy deposition by individual particles. The symbols R, S, and ll identify those domains in which limited particle range, energyloss straggling, and energy dissipation by delta rays are pertinent. In region II LET is the only relevant factor (Kellerer and Chmelevsky, 1975) . Calculated distributions of absorbed dose in LET have been given in ICRU Report 16 (ICRU, 1970a) for neutrons with energies from 0.34 to 14.6 MeV and for H+, He 2 +' cs+ and Ne 10 + ions with energies of 10 Me V per nucleon. Distributions in LET may also be derived from measured distributions of the related microdosimetric quantity lineal energy (y), (see Section 3.4.1). Cumulative absorbed dose distributions in LET for 3.9-GeV NH ions have been measured by Rodgers et al. (1973) and were compared with corresponding distributions for 14. 6-Me V neutrons and 90-Me V 1T-mesons. These distributions are reproduced in nitrogen ions, fast neutrons and 7T-mesons were found to be 175, 70 and 47 keV µ.m-1 respectively. Calculated integral LET distributions at depths in the region of the spread-out Bragg peak in water irradiated with high-energy ion beams are given in Figure 3.4 (fCRU, 1978b) . For the heavier ions thedistribution for depths close to the distal end of the peak appear to be significantly displaced to higher LET's.
Track Structure
Models describing the distribution of energy in the vicinity of charged-particle tracks have been used in the analysis of radiobiological and radiochemical effects. In the delta-ray theory of Butts and Katz, (1967) ; Katz et al., (1972) , radiation detection and damage are attributed to the secondary electrons (delta rays) which transport energy away from the path of a heavy ion and give rise to a radial distribu· tion of absorbed dose about the path. Unlike the concept of LET where delta rays with energy greater than 6. are considered separately from the track core (e.g., see ICRU, 1970a, page 7), this delta-ray theory considers the track as a whole. Several other calculations of the radial distribution of energy deposition around the track of charged particles have been reported (Baum et al., 1968; Chatterjee et al., 1973; Paretzke, 1974) . Measurements of the radial distribution of absorbed dose and LET for alpha and proton beams in tissue.equivalent gas have also been made (Varma et al., 1975; Wingate and Baum, 1976) . 
. giving the conditional probability that the specific energy imparted in a 1-µ,m spherical tissue volume by single events will be greater than the value ofz on the abscissa (Kellerer, 1966).
Microdosimetric Specifications of Radiation Quality
In order to avoid the difficulties and inadequacies of LET distributions for describing radiation quality, a specification was proposed (Rossi, 1959) in terms of a parameter directly related to the energy imparted by individual charged particles in volumes of a specified size. This parameter is now called lineal energy, y, (ICRU, 1971) . Unlike LET, lineal energy is a stochastic quantity, the values of which are distributed according to a probability density which takes into account the fluctuations in energy imparted even by identical particles with the same kinetic energy.
These microdosimetric concepts were extended to cover the energy imparted by two or more particles by the introduction of specific energy, z, which is defined (ICRU, 1971) as the quotient of e/m where e is the energy imparted by ionizing radiation in a volume element with a mass m. The mean value of the specific energy in the limiting case of infinitesimal mis equal to the absorbed dose.
Distributions of Lineal Energy, y
Lineal energy, y, is defined (ICRU 1971) as the quotient of e by d where e is the energy imparted in a volume during a single energy deposition event and, d is the mean chord length in the volume (ICRU, 1971) . For the special case of a sphere, d = 2d/3 where d is the sphere diameter. A number of lineal energy distributions for spherical volumes have been given in terms of Y rather than y, where Y = e/d = 2y/3. Distributions iny (or Y) are independent of dose and dose rate.
Principles and methods for the measurement of y distributions have been reviewed by Rossi (1968) . Measurements are usually made with a proportional counter containing a tissue-equivalent gas surrounded by a solid tissue-equivalent wall or with a wall-less counter in which the volume is defined by electric fields or grids (Glass and Gross, 1972) . The diameter of the gas volume may be chosen to provide a suitable count rate and the pressure adjusted so that the product of the gas density and the counter diameter is equal to the diameter of the sphere to be represented.
Distributions of absorbed dose in lineal energy have been measured using proportional counters filled with tissue-equivalent gas to simulate spheres of tissue with diameters of the order of 1 µ,m (Rosenzweig and Rossi, 1959; Rossi and Rosenzweig, 1959; Biavati et al., 1963; Rossi, 1967; Rossi, 1968) .
The distribution function F(y) giving the probability that the lineal energy is less than or equal to some value y is closely related to F 1 (z), the distribution function for the specific energy z imparted in single events. F 1 (z) distributions for a variety of radiations have been presented by Kellerer (1966) and are reproduced in 
Distributions of Specific Energy, z
Distributions of z for various absorbed doses may be measured with the proportional counter used for measuring y distributions by suitable modifications of the pulse height analyzing system (Rossi, 1968) . Instead of sorting pulses as they come in, the system sums the heights of the pulses that arrive in pre-set time intervals corresponding to given values of absorbed dose, and sorts the sums, which correspond to the various values ofz. For typical gas densities one may achieve absorbed doses equivalent to a few tens of grays using weak sources and time intervals of a millisecond or less.
Distributions of z may also be computed from the corresponding single-event probability density distri- butions,{ 1 (z), (Kellerer, 1966; Kellerer, 1968) . Probability density distributions, f(z,D), for 0.5 µ,m and 12 µ,m spheres irradiated with 6°C o gamma rays and 5.7-MeV neutrons are reproduced in Figures 3.6 and 3. 7 for a wide range of absorbed doses. 6 The dotted curves show the single-event distributions, f 1 (z) which are independent of absorbed dose.
Specific-energy spectra may also be represented by a distribution functionF (z,D) giving the probability that the specific energy will be less than or equal to some value z (ICRU, 1971, page 7). The distribution function is related to the probability density by (Kellerer, 1966; 1968) .
It has been pointed out (Kellerer, 1966; 1968 ) that F(z,D) defines a surface above the D-Z plane. F(z,D) is the probability that the specific energy will be less than or equal to z for an absorbed dose D. F(z,D) is also the probability that the absorbed dose is larger than D, when the specific energy z is reached. A number of these curves are reproduced in Figure 3 .8 and show data for 0.5 and 12 µ,m spheres irradiated with 6°C o gamma rays, and 5. 7 Me V neutrons. The intercepts along a given horizontal line corresponding to some value of D give the value of z, and the intercepts along a vertical line corresponding to some value of z give the values of D for which the cumulative probabilities are 0, 5, 25, 75 and 99.5 percent.
